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A detailed method for determining the Jet— boundary 
borrectlonQ for reflection— plane models in rectangular 
wind tunnels is presented. ■ The methdd includes the- deter- 
mination of the -tunnel span load distrlhut 1 on and the 
derivation of equations for the corrections to the angle 
of attaclE, the lift and drag coefficients, and the 
pitching-, rolling-, yawing-, and hinge-moment coeffi- 
cients. Ihe principal effects of aerodynamic induction 
and of the houndnry— induced curvature of the Btreamllnes 
have been considered. An example is included to illustrate 
the method, numerical values of thef more important correc— 
■tions for reflect ion— plane models In 7— hy IQ-foot closed 
wind tunnels are presented. 
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-The Influence of the Jet houndarles upon the air flow 
at and behind two— dimensional- f low models and complete 
models has been rather extensively investigated from theo- 
retical considerations. The results of several of these 
investigations are given in references 1 to 4. A few ex- 
perimental checks of the theory have been /successfully 
.made. (The theoretical methods may be extended to determine 
the influence of the Jet boundaries upon the characteris- 
tics of saniepan models mounted on reflection planes in 
rectangular wind tunnels.- One of ■ the walls of a closed 
wind tunnel may serve as the reflection plane,- as shown 
in figure 1. The Jet— boundary corrections are usually 
larger and the changes In the span load distribution are 
somewhat greater for reflection— plane models than for 
complete models, especially with regard to the character- 
istics of the lateral— control devices. Q-reater care is 
therefore required in the computations and more factors 
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than fop the usual e©mplete-.»Qdel oopTeotloni, 

The present inTeetigatlon vae undertaken to develop 
general metbode of calculating the rarlous corrections 

and methods of determining the changes In the span Ipad 
dlstrlhutlon caused "by the Jet houndarles. Numerical val^ 
ues of the more Important corrections were calculated for 
a series of representative models mounted in 7- "by 10- 
foot closed rectangular vlnd tunnels, "^Tae numerical val- 
ues are presented In the form ef graphs and empirical 
ecLuattone in a separate section of the report, In order 
that the values may he obtained without referring to the 
detailed calculation procedure, Tahles- of the numerical 
values of the Jet-houndary-lnduced upwash velocity for 7- 
hy lO-rfoot Qlesed wind tunnele are included and should he 
used if It is desired to coinpute the corrections for mod- 
els having unusual proportions, The oomplete calculation 
procedure is Illustrated In detail hy an example... 

The basic method used to determine the Jetwboundary 
corrections is to determine the increments of aerodynamic 
forces and moments acting on a model which Is twisted hy 
the amount of the houndary-^ induced upwash angle. Methods 
of calculating the houndary-^induced upwash angle along the 
model span and chord and methods of calculating the vari- 
ous Jet^rhoundary corrections, accounting for the princi- 
pal effects of aerodynamic induction, are presented In 
separate eeotlons In the present report. 

The formulas and corrections presented apply to 009*- 
plete models for which the spans are twice the spans ef 
the ref lectionr-plane models. If a model of only the outer 
wing panel Is tested, the measured chara.et eristics will he 
for a model of the aspsot ratio, taper ratio, and lateral- 
control-device span ratio actually tested* Additional 
planTform oorreetlons ^ that Is, the usual aspect-ratio 
and tapor-ratlo corrections plus corrections for the ratio 
of the lateral-»controlr'dovloo span to the wing span, rsf- 
erence 5 - must therefore bo made to determine £r-eer-atr 
data for the actual airplane from the corrected data for 
the model. 
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SYMBOLS 

clrcaiatlon strensth of ▼ortex 
measured, llfl: ooefflclent 
Increment of lift coefficient 

correction to lift coefficient due to streamline 
curvature 

section lift coefficient 

section normal-force coefficient 

Boction hlngo-<mcmont coefficient 

Incremout of lift at any scctica 

moasurod rolling-noment coefficient 

corrected rolliug-mcment coefficient 

incremeint of rolllng-momeTit-coef f Icient correc- 
tion fue to ^"^eb 1)oundarle3 othsr tban reflec- 
tion plane, 'baaod on a reflection-plane rolling- 

Eomont -^ooificient of 1 + — ^ 

rolling derivative due to doflection of lateral- 
control ddvlce (reference 5) 

half of Insroment of rolllng-momont-ooeff icient 
oorroctlCn duo to reflection plane "based on 
unit free-air rolling-moment coefficient 

aorodynamlc-lnductlon factor used in determining 
AO, 

angle of attack 
correction to anglo of attack 
Increment of induced drag at any section 
correction to induced-drag coefficient 
correction to Induced-vawing-moment coefficient 
[(ACaj) + (ACn^) + (AOn^) + (AOn^) + (AOn^) 1 
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(ACq.) Increment of yavlng-noment-coef f Iclent correction 
^ due to reflection plane 

.(^^n].) increment of yaving-moment-coef f Icient corroctlon 

3 due to "bcundary-liiduoed aileron upwaeli and ving 
loading 

(^^ni) increment of yaving-moment-coef fl cient correction 
* due to touLdary-lnduced wing upwash and tunnel 
aileron loading 

(^Cj^.) lncr.->ment of yawlng-mument-coeff icient correction 

4 due to 'boundary-induced aileron upwaah and flap 
. loading 

(AuQj^) increment of yai.'ing-mouent-coeff icient correction 
B due to 'boundary-induced flap upv/aah and tunnel 
aileron loodlng 

ACaig Q correction tc pltchlng-moment coofflclent due to 
etreamline curvature 

^Qyl correction to hinge-moment coefficient 

Acj^ correction to hluge-monent coefficient at any 
section 

AEg increment of hinge-moment correction at any section 

p air density 

T free-Btrean velocity, parallel to X axle 

q dynamic pressure ^'^P^*^ 

V induced vertical velocity, parallel to Z axis 

X distance parallel to Z axis 

z distance parallel to Z axis 

y distance parallel to f axis 

y centrold of spanwlse load 

7z. spanvise position of trailing vortices 

d effective height of vlng a'bove tunnel center line 



"b ^ total vinjg ,8.pah (tvlce. epaa. of rsflectlRn-plane 

inodol) 

"bg^ span of aileron on eepiiepan modol 

"bf span of flap on Bemlepan model 

S total wing area (tvlce area of ref leotlon-plane 

model) 

Sg^ area of alloron on eemlspan model 

Sf area of flap cn semlspan model 

A aspect ratio 

X taper ratio, I'lctltlous chord at tip divided tj 

chord at roct 

c chord at an? section 

c* moan chord 

Cg chord £vt plane of eymaietry 

r radius of curvature of streamlines 

h tunnel height 

a tunnal hraadth 

a^ slopo per radian of section lift ourvo 

ax slopo por radian of lift curve of finite-span 

wing 

^maz maximum ordinate of Jet-'boundary-lndaeed elllptl* 

cal load 

1* hlngo-moment corroctlon factor for Jet-houndary- 

Induced elliptical load 

Su'bscrlpt a: 
V vlng 
f flap 
a aileron 
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"b overhang "balance 

av aver ago 

t tunnel 

total total 

c corrected 

r rofl3otlon 

p.p. prljiclpal part 

8. p. Bupploinentary part 

Cjo fcr pitching moiuont e 

e effective 

B.C. atreamlina curTatur e 

1.1. lifting line 

y Bpanwiso location of trailing vortex 



The axes used are defined in flj^ure 1. All loading 
and ■boundary-lndncod upwaah-velocity parameters with 
primes are hasod on lift or r olling-cumant coefficients 
not equal to unity. 

BOUEDA.BT--INSUCZD UFVASH 
Theory 



Q-onerel TaroTalom .- The general prohlem to "be solved in 
dotormining the jet-houndary corroctlons for a complete 
model in a wind tunnel is the determination of tho total 
upwash velocity induced by tho Jet houndhrleo. The special 
problem for a eemiopan model mounted as a reflection-plane 
model tc Bimulabe a symmetrically loaded complete model is 
tho determinaticn of the tctrtl houndary-inducod upirash ve- 
locity minas the Induced upwaeh velocity due to the reflec- 
tion of the somispan model. The prohlen of determining 
the houndary-induued upvash velocity due to unsymmetrloal 
loading devices, such as lateral-control devices on refleo- 



-1; 1 on-plane laodel a-, l-'a -one of deterttlnl-ng not only the to- 
tjil ■ "boundary-Induced upwash Telocity, ae for complete mod- 
els, 'but alao an ad-dl«lonal correction due to fhe non- 
oxiatence of the reflection wing. 

TT'ae of I'mflpftea .- She Icncwn "boundary ccndltlona to te 
.aatlafled are zero normal" velocity for cloaed wind tun- ■• 
nelB and ccnatant preasure for open vind tunnela. 'Sha 
."boundary conditlona for a cloaed rectangular tunnel may "be 
"eatiafled. "by a dou"bly" infinite ayetem of- lmagea (refer- 
ence l).' Vigaro 1 ahovB the three-dimonaional Imago ar- 
rangement that. .ar^tlsf lea the' "boundary conditlona for a 
aemiapan model mdunted in a clcaod' rectangular vind tunnel 
Xhe model la moTinted on tho Z-3 piano - or loft- wall, look 
Ing down'atream - pnd Iccatod in the X-T plnne . She reflec 
tion v'ing ia shown in phantom and llee along the negatire 
Y axle. It Tcay "be noBed that this imago arrangement la 
the aume as th'^t for a complete model of the samo eemi- 
apan in a tunnol of the same height and twice tho width. 
!Ehe image a of the wing are ropreaented in thla figure aa 
almplo horoeehoo Torticoa of aeniapan |y^ . Any actual 
span load (liatrl"bubion may "be conatructed to any deaired 
degree of accura'cy Trom a comhlnatlon of aeveral horaoahoe 
v'ortiuOB. 7ho threo-dimenslcnal imago arrangemont la noc- 
e-Bsary only whon it la desired to compute the 'boundary- 
induced upwaah velocity "behind the lifting line, the 
etroamline curvature, or the "boundary-induced upwaah ve- 
locity for mo«lelB with exceaaive Bweepbaclc. 

The "boundary-induced upwash' velocity at the lifting 
line may "be determined from a two-dimenGional image ar- 
rangement satisfying the "boundary conditions at infinity 
aa ahown "by Prandtl. Tigure 2 shows the two-dimensional 
image arrangement aatiafying the boundary conditions for a 
alngle oounterolockwi se trailing vortex and its refldetion 
(ciockwiao) located at a diatance d above the tunnel 
center line and at distancea equal to y,^ and -y^ from 
the reflection wall. The single trailing vortex and its 
reflection represent the trailing vortices of a simple 
horasBhoe vortex with aesiiapan equal to jy^^j , 

Calculation Methods 

Prellainary calcnlat io na . - The calculatlona of gen- 
eral curvfs of "boundary-induced upwaali velocity for varl- 
ouB image arrangements (figs. 1 and 2) of simple horseshoe 
or trailing vortlcea will considerably aimplify the labor 
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Involved In determining the "boundary-Induced upvaeh veloo- 
ity for any given model. The boundary- Induced upvaeh 
velocity hehlnd the lifting line for tiro values of vortex 
semi span (image arrangement b of fig. l) was calculated hy 
the methods descrihed in reference 2, Xhe results of the 
calculations are presented in figure 3 and tahlo I. These 
calculations apply either to a reflection-plane model in a 
7- by 10-foot closed wind tunnel or to a complete (symmet- 
rlcally loaded) model In a by 20-foot closed wind tunnel. 

She boundary-Induced upvash velocities at the lifting 
line vera obtained by computing the combined effect of 
enough of the images, corresponding to the arrangement of 
figure 2, to give values accurate to the fourth decimal 
placo. She results are given in figure 4 and table II. 
Thoso values apply to complete models mounted in 7- by 
20-foot closed wind tunnels, as well as tc refle ctio Or— plane 
models mounted in 7^ by 10-foot closed wind tunnels. 

The method used to datormine the boundary-induced up- 
wash velocity at the lifting line for any given image ar- 
rangement is to break up that image arrangement into cer- 
tain groups, usually vertical rows of images, for which- 
simple summation formulas are available. Tho sum of the 
effects of each of those groups may then be determined. 
The summatl<^n formulas for vertical rows of vortices ex- 
tending from the T-Z plane to infinity In one direction 
were developed in references 3 and 4. 

tf pwaeh velocity for nonuniform pp an loadin g. - Upwaeh veloelty 
for any nonunlfom span loading may be approximated to any desired 
degree of accuracy by brealdng doim the actual loading Into several 
Btepe over each of whlrh the loading 1 s assumed uniform. The boundary- 
Induced upwash velocity may then ba determined as the sum 
of all the components of upwash velocity due to all the 
stepwise increments. Ifumerical values for the upwash ve- 
locity may be taken directly from the tables rather than 
from the figures, provided that increments are taken at 
i-foot values of y^^ . If the tunnel walls appreciably al- 
ter the span load distribution, as they usually do for a 
model with a lateral-control device having a relatively 
large span, the actual tunnel span l&ad di strlbutilon 
should be used Instead of the theoretical free-air span 
load distribution. Mothads of approximating the tunnel 
span load distribution will be presented later in this re- 
port. A three- or four-step approximation to the tunnel 
span-load curve is usually necessary for asymmetrical load 
conditions. Calculc^tlons Indicate that very large errors 
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aro Introdixo&a "bSr uBlAe "Single ualfoTm loadings for tho 
aBymmetrloal condltl ona . For • Bymmetrical load condltlonB, 
however, a alnglo-Btep approxlmatioil is usually aatlafaoto- 
ry If the spaa oTor whl^h the uniform load ie assunied to 
B.0% (called effoetlve cpan) le properly chsaen. 

She apan-lond parameter that will "be uoed in the con- 
putatlona ir- ooxA/hOL, which ia eq.uivalent to srA/hVOi 
(and to as. used in reference 6)-. The upwaah angle in 

radians for unit lift coefficient la w/TOj, for small anr- 
glea. Ihe formula for determining the local upwash angle 
la then 

where ohtained frcm figure 4 or tahle II and 

A(coiA/'bGTt ia proDortional to an increment of load ex- 

tending from tho reflection plane to y^^ . In ether words, 

A(ociA/'bCj,) ia proportional to the atrength of the trall- 
•1 

ing Tortez aaaumec* to leave the wing at , 

Boundnry-inducsd upwaoh anglea are given in figure 5 
for unit lift coofficlent for a 7-foot aeaiapan model of 
aspect ratio 6 and taper ratio 0.5 and for a unit flap 
lift coefflciont for two ratloa of flap apan to wing span 
(called flap-apan ratio). The actual epan loading la rep- 
reaented by a aoven-step approximation. It may he aeon 
from figure 5 that, if the proper value of the effective 
aemlspan la uaod, the upvaah angle may he determined aatia- 
faotorily hy the ueo of a simple uniform load. The effec- 
tive apan la, of course, dependent upon the particular 
modol-tunnel configuration. Gomputationa for several rep- 
reaontative reflection-plane models in 7- hy 10-foob cloaed 
wind tunnola Indicate that good accuracy in the detarmlna- 
tiou of the houndary-induced upwaah angle ia obtained with 
tho following ratios of effective apan to tictual apan, 
bg/b or 'bf./b, provided the model aemlspan is bstveen 6 

and 8 foot (the usual values): 
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Vlng: 

Bectangular 0.93 

Taper ratio, aliout 0.6 0.B8 

Taper ratio, a'boat 0.35 0.83 

Partial- span fir*p: 

tf/t greater than 0.6 1.00 

"bf/l) loss than 0.5 1.30 

The span-lead parameter that will ho used In the com- 
putations for the asymmetrical loading condition la 
cCjA/hCj (rr arA/hVCj). The upvaah angle, however, la 
moat conTsnlently- expreoaod In terms of a parameter that 
represents the r ef loot lon-plano loading for a rolling- 
moment coefflciont greater than unity, aa follows: 

[vToTTTTa^] = il Z (f)y^ ^ [h(Oi^ I 2A0i^)J 

Tho primes indicate that tho oxpressiona arc not true 

parameters, "becaueo the values are not for unit rolllng- 
Qomont coof f Iclont liut for a rolling-moment coefflciont 
2 AC; 

equal to 1 + —„ — . 

GOaHECTIOirS 
Ouncral 



The Jet-houndary corrections may he divided into two 
groups. The first group consists of all corrections to he 
applied to a symmetrically loadod model; that is, all 
forcos, momenta, and air-flc-w conditions acting on the 
reflection-plane model aro reflected identically with re- 
spect to reflection plane and bhua the measured model 
characteristics fere for a eymnetrical model. The measured 
lift, dras, and pitching moment of the model are thus ex- 
actly one-half those for a complete model mounted In a 
wind tunnel of the same hoighi; and twice the hreadth as 
the original tunnel, and the boundary-induced upwash ve- 
locity is the same as tor the complete model In the larger 
tunnel. The second group of corrections- are for the asym- 
metrically loaded condition, such aa the loading due to 
tho rleflection of a lateral-control devloo. The loading 
due to tho lateral-contrel device is reflected into the 
reflection plane Juat aa it vaa for the aymmetrioal case; 



"but the reflection 1b undeslralile In tliia case and muat "b 
ccrreoted fur, as It would not 'be praaont on a complete 
model. AlsOf the abaence of the other vlug (the reflec- 
tion vlng) cauaea tjfte meaaured rolling and paving momenta 
to be too large, beoauae the load due to aerodynamic In- 
duction existing on the other vlng of a complete model 
vlll be abaent from the meaaured valuea of a reflection- 
plane model. 

The eorrectlcna will be determined with the proper 
algn in order that they may be added to the meaaured val- 
ue a for a cloaed-throat wind tunnel. 



Symmetrical Loading Condltlona 

Span load di atrlbutlon Tho corT'ectlon to the apan 
load diatributlon need not be determined unleaa atalllng 
teata or actual apan-load-dl atrlbution teata are made. 
Oalculatlona for a few reflection-plane model a of usual 
aize In 7- by 10-foot clcaed wind tunnela Indicate that 
the wing apan load diatributlon la altered by the tunnel 
walla by an amount equivalent to a change in taper ratio 
of about 0.05; -chat la, If the geometrical taper ratia 
of the model la 0.50, the wing apan load diatributlon in 
the tunnel correaponda to a wing having a taper ratio of 
about 0.45. The changea in flap apan loading are aome- 
what greater than the changoe In wing apan loading. The 
upual effect sf the tunnel walla on the flap apan leading 
la to increaae the relative leading over the unflapped 
portion of the wing and to reduce the relative loading 
over the flapped portion of the wing. It ahould be remem 
bered, however, that the type of change in apan load dia- 
tributlon caused by tho Jet boundarlea la entirely depend 
ent upon the model-tunnel configuration and that other 
model-tunnel arrangementa might produce effecta opposite 
to thoae Just Indicated for a reflection-plane model In a 
7- by 10-foot eloaed wind tunnel. 

The apan load diatrlbuticn of the wing in free air 
must be determined to evaluate the change in loading due 
to the tunnel walla. The free-air apan loading for aym- 
metrioal laad condltlona may easily be obtained from the 
tablea of referenoea 6 and 7 for aeveral different wing- 
flap combinations. Jot other flap arrangementa or any in 
itlal wing twlat, the Influence llnea of reference 5 may 
be uaed to estimate the ahape of the load curvea. The ao 
tual load curve may bo determined from the condition that 



the area under the ourve of coiA/hC^ plotted against 
•:^jr^ iB equal to unlt7 or, if plotted against 7, is nu- 
merically equal to h/S; that 1b. the average ordinate le 
equal to unity. 

The incremei^t of l)oundary- Induced load corresponding 
to a tunnel lift coefficient of unity is o'btained "bj as- 
Buming that the wing ia twisted an amount equal to the 
'boundary-induced upvash angle v/TCx,. The houndary-lnduoed 
load ia calcalated from the influence linea of reference 5. 
She Influence linea give the load at a particular spanvlse 
station for unit changes in angle of attack extending 
various diatancae inward from the wing tip. Values of 
CgA/h for the wings of reference 5 are given in figure 6 

in order that the load parameter cc^/cga used In reference 

5 may he converted to cciA/ha. 

The .Increffient of "boundary- induced load determined In 
this fashion may le added to the free-air span-load curve 
to ohtaln a first approximation to the tunnel-load curve 

corresponding to a tunnel lift coefficient of 1 + 4^ ■ 

where ^^l/^L equal to the average ordinate of this 

Increment of boundary-induced load. Because the tunnel 

lift coefficient 1 + is greater than unity, a second 

approximation to the increment of houndary- Induced load 

hased on a lift coefficient of 1 + -jr-^ and the new load 

''L 

dl strlhutlon must he determined and then a third approxi- 
mation must he made, and so forth. In order to avoid the 
necessity for using successive approximations in this 
fashion, it may he assumed that the values of v/7Cx, used 
for the firat approximation need only he multiplied hy 
constants determined from the increase in lift* coefficient 
for each of the remaining approximations; that is, it may 
he assumed that the change in the shape of the span-load 
curve would not change the shape of the w/TCj, curves. 
It was shown that tho values of the v/^Gj, curve may he 
computed with satiafactory accuracy when a uniform loading 
over an effective span is assumed and, inasmuch as the shape 
of the tunnel-load curve does not change appreolahly, this 
asBuaption of unchanged w/TOl curves ia reasonahle. The 
increment of houndary- induced load corresponding to the 
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n*^ approximation "based on a free-air unit lift coeffi- 
cient (If the shape of the v/TGj, curve la unchanged) 
Is simply equal te the values for the first approximation 
times . In order to ohtaln the loading in the tun» 



nel corresponding to a lift coefficient of 1 + 



1 - 



add to the freo-air load this n^^ approximation. Divide 
a,ll theso values "by 1 + Xm— to ohtaln the tunnel-load 




curve for unit lift ccefflclent. 

This mothod cf estimating the tunnel span load dlstrl- 
"butlon takoB into account the main effects of aerodynamic 
Induction. The mothod is not exact hecauso the Jet-'boundary- 
Inducod upvash auglo v/TCj^ Is calculated approximately. 
If desired, the upwash angle corre spending to the tunnel- 
load curve previously determined can 'bo olitalned with great 
accuracy hy using many steps in the stepwioe dl str Ihut ion 
to ropresent tho tunnel-load carve. The calculations can 
then "be repeated with the now values of Tjoundary-lnduced 
upwash angle. The process could he repeated until tho ox- 
act tunnel loading, insofar as lifting-line theory appliest 
is ohtalnod. It seems, however, that the process is so 
rapidly convergent that the span loading calculated from 
the approximate upwash angles is usually satisfactory. 

As a check on the convergence, the tunnel span load 
distrlhutlon for a large-span elliptical wing in a circu- 
lar wind tunnel was computed hy the method previously de- 
scrlhed and the result was compared in figure 7 with the 
more exact calculation of the tunnel span load distrihu- 
tlon made hy Mllllkan (reference 6). It may he noted from 
figure 7 that the effect of the tunnel walls is opposite 
in this case to the effect already descrlhed for models of 
usual size in 7- hy 20-foot closed wind tunnels or reflec- 
tion-plane models in 7- hy 10-foot closed wind tunnels. 
Influence lines, similar to those given in reference 5, 
were determined for an elliptical wing for use in calculat- 
ing the houndary- induced load increment. 
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A comparison of the final tunnel-load cur-re with the 
original (free-air) load curve Indicates the change In 
span loading caused ^7 the tunnel vails. 'She Increment of 
load due to streamline ourvature may also he added to the 
original load curve. Because the original curve vas oh- 
tained, however, from the llftlng-line theory rather than 
from the llfting-suTf ace theory, such an additional step 
would seem an undue refinement. 

Ohordvise loed dlatrlhutlon .- The ohordwlse load and 
the chordwise load dl atrlhutlon at each section are al- 
tered hy the Jet houndarlee. 'She main portion of this 
change in load is corrected for by the usual induced 
angle-of-attack correction for the upvash angle at the 
lifting line. She curvature of the streamlines caused hy 
.the Jet houndaries effeoblvely changes the airfoil camher, 
which results in a further change in the ohordwlse load 
(and the chordwise load distrihution) . She corrections 
due to the change In effective camber may he applied part- 
ly as an increaacc". angle-of-attack correction and partly 
as a correction to the lift, the pitching moment, and the 
hinge moment. 

She general characteristics of the Increment of load 
due to houndary-lnduced streamline curvature may he esti- 
mated from thln-airfoll theory, She phapo of the boundary- 
induced streamlines is, to a first approximation, circu- 
lar hooause the houndary-lnduced upwash angle varies al- 
most linearly along the chord unless very wide-chord mod- 
e-Is are usod (fig. 3). 

She chordwise lood for an airfoil with circular cam-' 
her may he hrolcen Into two components. One component 
corrosponds to a loading of the flat-plate type, which • 
Is similar to the loading due to an angle-of-attack change 
(also callod additional-type loading). She magnitude of 
the load Is determined from the product of the slope of 
the lift curve and the boundary-induced increase in the 
angle of inclination of the tangent at the 0.50c point 
because, for circular camber , the curve at this point is 
parallel to the chord line connecting the ends of the 
mean line. Inasmuch as this componsnt of load is similar 
to the load resulting from a simple angle-of-attack change, 
it may be applied as an additional angle-of-attack correc- 
tion. She other component of load Is elllptloally shaped 
and its magnitude is determined by the product of the 
slope of the lift curve and the angular difference between 
the zero-lift line and the chord line or the O.SOo-polnt 
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tangent line, Ihe aero-llf t' line , for an airfoil "with cir- 
cular camber, 1b determined "by the angle of Inclination 
of the tangent of the 0.75c point. She lift, the pltchlng- 
moment , and the hinge-moment corrections are a result of 
this elliptical component of load. 

The location of the lifting line for a plain airfoil 
may be assumed to he at the 0.35c point and the boundary- 
induced upvash angle le computed by assuming that the to- 
tal lift Is concentrated at the lifting line. The loca- 
tion Gf the lifting line for a flapped vlng will lie some- 
where behind the 0.25c point, depending upon the flap 
charaoterlatloB. The location of the lifting line deter- 
mines the magnitude and direction of the flat-plate type 
of load. The two components (flat-plate-load and ellip- 
tical load) are eq^ual and positive If the lifting line is 
located at the 0.25c point. Each component may be ex- 
pressed as 

^ (^) 

Ac, = 0.25 « 0.25 a_cOT 

' r " ^ dx 

where r is the radius of curvature of the streamlines. 
If the lifting line la at the p. 50c point, the flat-plate 
component of load is zero. The'^elllptlcal component is 
positive and equal to 0.25 sLqc/t, because it is independ- 
ent of the location of the lifiilng line. If an extensi- 
ble flap is used, the magnitude and the distribution of 
the ehordwise load must be calculated as though the chord 
of the airfoil were increased. Because the results of 
the tests are usually based on the original chord, the 
final correction must also be reduced to a coefficient 
based on the original chord. 

STo correction will be applied directly to the chord- 
wise load distribution but the angle of attack, the lift, 
the pitching moment, and the hinge moment will be corrected 
tto account for the altered load distribution. 

Anele of attack . » The main portion of the angle-of- 
attack correction is due to the Jet-boundary-induced up- 
wash angle at the lifting line. The problem of finding 
the angle-of-attack correction is, basically, the determip. 
nation of the angle of attack that. the model would require 
in free air to have the same lift as in the wind tunnel. 
The correction angle is, then, the difference between the 
free-air angle of attack and the tunnel angle of attack. 
If the tunnel span load distribution Is determined, the 
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angle-of-attack oorreotlon due to the 'boundary-Induced up 
wash at the lifting line Is given as 

AOt, 57.3 ^ ,_v 
Aa B ~i Oi (3) 

trhere AGj,/C^ 1b the Increment of boundary-Induced load 
for a- tunnel lift coefficient of unity as determined for 
the span-load calculations. 

If the' tunnel span load dl strl'butlon Is not deter- 
mined', the anglo-of-attack oorreotlon may 'be calculated 
"by an alternate method that gives values almost Identi- 
cal vlih those of the mothod Just deecrl'bed. Tor the-al- 
tornato mothod the 'boimdary- Induced upvash angle Is 
volghtod according to the wing chord at each section and 
Is then averaged across the span. She formula Is 



l>/3 

57 , ~' " 

= -TTT- / c ay (4). 



0/ 3 

'/2 J VCi 



The Increment of additional load caused "by stream- 
line curvature la depondTent upon the rolative distance 
botwoan the lifting line and the 0.50c point as indicated 
in the soction on chordvlso load distribution. In the 
case of the wing, the lifting line .may be assumed to be 

located at the 0.25c point; thus 0.50 - « ^ ■ s= 0.25. 

c 

Because the lifting line due to. deflection of a partial- 
span flap is usually located very near the 0.50c point, 
.it- generally is not necessary to apply a- correction to 
the ansle of attack for this case. The general oquation 
for the correction to the angle of attack Is 

b/2 / v\ 

57.30,. 3=1 I V P- > ^ I^gH 2j» , 



. ■ ^ 2A . .. 

where the (luanttty ^ Is equivalent to 
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Values of 



z 



dx 



A. 



8- ^7, 

and for 



may "be o'bt^lned from .table I for 



s 3 foot and for yi = 6 feet. The cotreotlon angle 

deteriiiined "by equation (s) should he added to the llftlng- 
llne correction angle as computed from equation (S) or 
from equation (4). 

Lift — Tho measured lift in a closed wind tunnel ler 
greater than It would ta in froo air even though the com- 
plete angle-of-attcck correction Is applied. The Increase 
In lift Is due to the elllptlcnlly shaped Increment of 
chordwlae lead caused "by ctreamDlne curvature. This elllp- 
tlcally shaped Increment Is applied as a correction to the 
lift rather than as a correction to the angle of attack In 
order to ccrract the maximum lift coefficient. This In- 
crouent Is determined from the elope cf the lift curve and 
the dlfforenoe In Jet-ljoundary-lrduced upv.'ash angle at the 
0.50c point and at the 0.75c point. The Integral 



J 



h/2 



dx 



2A 
h 



c^ dy 



calculated for the 



8 . c . 



correction may alec he used for the lift correction 



8 .C. 



4h 



±! c^dy 

ax h 



(6) 



where a,^ Is used Instead of a^ to account approximately 
for aerodynamic Induction. 

If the lifting line can he assumed to he located at 
the 0.25o point, as In the case of the wing, equation (6) 
may "be written for the wing lift correction as 
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l small correction to the lateral center of preaeure, 
which is determined from the rolling moment, may be oh- 
talned hy performing a moment Integration of the stream- 
line curvature load, as 




It should he noted that this Increment la hased on the 
complete span h rather than on the model span h/3. 

Pltchjnp moment .- The pltchlng-mement coefficient must 
"be Corrected for the elliptical component of the hound.ary- 
Induced load. She correction Is 



vhero ths factor 




accounts approxi- 



mately for the effects of aerodynamic Induction and reduces 
to unity If the moments are taken ahout a line through 

c^„/4. She distance Xq Is measured hetween the lino 

Tn 

about which the- moments are computed and the mldchord at 
the spanwlse centrold of the elliptical load y where 




Pownwash behind wing .- The -tiorrectlon to the doWnwash 
behind a reflection-plane model. Is determined from the 
boundary- Induced upvash our-ves previously computed. The 
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general metbods of re'fe'rence 'S shoul'd "be used to' d'eterralne 
the downwaeli-angle correction. 

^SkS.'- ^b.o Induced-drag correction Is determined from 
the generalized Kutta-tToukovakl lav. Xhe 'boundary-induced 
upvash angle and the tunnel span loading are used in the 
computation of the induced-drag correction. !Dhe upv/aeh an- 
gle at each section must he multiplied by the loading at 
that section and the result integrated mechanically. In 
order to eetaolish the method and to determine the propoT- 
tlcnality constants, the integration formula will he de- 
Teloped. 

The increment of Induced drag at any section due to 
the tunnel vails is 

^Dig = pwr dy (10) 

and the increment of induced-drag coefficient for the ving 
is 

h/2 

= rsr / dy (11) 



o 

vhere the product wP is the sum of all component products 
of wing and flap upwash Telocity and circulation 

- = [(-4) i^l ^ i^l 

* (v^, (m, * (t^, i^x "-."^j 

A correction to the lateral center of pressure of tho induced- 
drag force may he ohtained hy integrating the increment of 
drag given in equation (lO) for the yaving-moment. coefficient 



^h/2 

2 



^On^ - - 7^y^ *ry dy . ' (13) 



'o 



Hinge nomant.«-- She measured hinge moments of the 
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hlgh-llft device and lateral-co 
reeted for the componenb of ell 
curvature of tbe Btreamlinea . 
Is determined fros an Integratl 
hinge axiB of this load on the 
control surface. She integratl 
the entire surface - hoth chor'I 
in general, the correction vari 
chordvlse integration can he pe 
the Gbape of the load la known 
She increment of load at any se 
the oxpresBlon for the area of 



ntrol device should be cor- 
iptical load caused by the 
She hlnge-monient correction 
on of the moment about the 
high-lift device or on the 
on must be performed over 
wise and spanwlse - becausei 
as along the span. n?he 
rformed analytically because 
to be nearly elliptical, 
ction is determined from 
an ellipse as 



AL3 ;= - n P^iax 



(14) 



vhere 
load. 



max 



is the maximum ordinate of the elliptical 



She increment of load is also equivalent to 

(^) 



8A 



dx 



2A a 



(15) 



The increment of hinge moment AHg at any section 
is obtained by a moment integration about the hinge axis 
of the part of the elliptical load over the movable sur- 
face, as 



4 max 



vhere ^nai ^/^"^^^^^^^^ ordinate of the elliptical 

load. She value of Fmax obtained by solving equations 
(14) and (15) and is substituted in equation (I6) to give 



AH. 



BttA 



3A 



B X 




vhere the Integral 
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■will Tdb known ae the hlnge-momont correotlon facfor for 
elliptical load T and the Integration ifl carried across 
the flap and acroea a?7 overhang " type of "balance. 5?he re- 
sults of the integration are presented in figure 8 as a 
function of the ratio of the flap ohorfl. to the airfoil, 
chord Cf/c or bt the aileron chord to the -airfoil chord 
c^/e, and of the overhang halanoe chord ratios C],/cf 
and c-tj/cg^. The corrections to the flap hinge-moment coef 
fisienb may now he expressed as 



a-rrASf 



'Cf ,./ 



dx 



To ■ 



P dy 



(17) 



where 
formed 
moment 
tegra^- 
of the 
using 

tlon c 
will t 
const e. 
of aer 
due 1 0 



the spanvipe integration across the flap must he per 
mechanically. The correction to the aileron hinge- 
coefficient may 'be detormined "by performing the in- 

lon over the limits of the aileron span rather than 
flap span_^ as indicated in equaticn (l7). and hy 

and Cq,. It should he noted that 3* is a func 

f only Cf/c (or Ca/c) £^-i o-^/of (or c-b/cg,) and 
herefora have the same value at all sections of 
nt-percentage-chord flaps or ailerons. The effect 
olynamlc induction on the hinge-moment correction 
streamline curvature is small and will be neglected 



Asymmetrical Loading Conditions 

S-pan load dl strlhutl on . - The Jec boundaries have a 
pronounced effect upon the span load distrihuticn of asym- 
metrical load devices on reflection-plane models. In or- 
der to determine the rolling- and yawlng-moment correo- 
tlons, part of the coaputationa to determine the tunnel 
span load distribution must he made. The actual distribu- 
tion may be ohtained hy' a small amount of additional work 
and a more accurate estimate of the rolling-, yawing-, 
and hinge-moment corrections Is then posslhle. 

The funnel span load distrihutlOli is determined by 
adding to the free-air loAd the increment of load due to 
the reflection plane and the increment of load due to the 
other Jet houndarie-s and hy then reducing thl.s total load 
to that for a rolling-moment coefficient of unity. The 
Inflnenoe lines of reference 5 may he used to estimate the 
free-air load and the reflection-plane load Increment. It 
should he noted that' the reflection-plane load Increment 
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la almply the load Induced on the reflection wing for an 
asymmetrical load on the real vlng, that is, the load 
curve for a reflection-plane model in free air (no Jet 
houndarles except the reflection plane) is ohtained "by 
adding the free-air load at -y to that at y. 

The load parameter coj/oga of reference 5 should 
he changed to ocjA/hCj^ for convenient use in tho compu- 
tation of Jet-houndary corrections. The conversion may he 
made as 



fTii = °s^ /°le 

"bOj^ Cgtt h / a 



(18) 



where values of CgA/h are given in figuro 6 for the wings 

of reference 5 and values of Ci /a may he determined from 

c 

figure 16 of refer enoe 5 - that la, ^j^/a = 0.5 Ci^/lc, The 

conversion may he made graphically from the condition that 

the moment of the area under the curve of ocjA/hC^ 

y ^ 
against r-r- Ip equal to 4.0 or, if plotted against y, 

is numerlcclly equal to 4.0(h/2) or h . 

The increment of load due to tho Jet houndarles (other 
then the reflection plane) is ohtained from the influence 
lines of reference 5 hy tho same general methods usod In 
detormlnlng the Increment of hdundary- induced load for the 
symmetrical loading condition; that is, tho vlng is assumed 
to he twisted hy the amount of the houndary-induced up- 
wash angle and the corresponding Increment of load is oh- ■ 
tainod from tho Influence lines. 

The houndary-lnduced upwash angle should, strictly 
speaking, he determined hy a process of successive ap- 
proximations hocause It also depends upon the shape of the 
tunnol span load curvo . It is usually satisfactory, how- 
ever, to represent the reflection-plane loading hy a 
three- or four-step approximation, and to calculate the 
corresponding houndary-lnduced upvash angle hy the methods 
suggested in the aaotion on houndary-lnduced upwash veloc- 
ity. The increment of load calculated from this boundary- 
induced upvash angle will correspond to a rolling-moment 

2 AC I 

coefficient of 1 + — - , which is the reflection-plane 

*c 
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rolllne-moment coefflolent for unit free-air rolling- 
moment coefficient. (The use of these factors will "be 
made clearer in the section on rolling-moment corrections 
and In the lllustratlre example.) I'he Increment of load 
must therefore he Increased to correspond to the rolling- 
moment coefficient occurring In the tunnel for unit freo- 
alr rolling-moment coefficient (^Iq " l.O). It will he 

shovn later In the section on rolling-moment corrections 
that the tunnel rolling-moment coefflolent for unit free- 
air rolling-moment coefficient is equal to 



1 + 



1 - 



*c 



vhere AC^ la the m.jment of the Increment of hcundary- 

Inducod lend cpi ro Bpordinc to tho roflection-plano load. 
This Inoromeat musb therefore he multipllod Tay 



^ AO; 



1 + 



r 



*c 



"before it Is added to the ref lectlon-plana load. Iho tun- 
nel span load distrlhutlon for unit tunnel rolling-moment 
coafflclont is ohtalned hy so reducing the ordina^es of 
this curve that tho moment is equal to 4.0 (h/s) or 
(the samo thing) "by multiplying lay the rolllng-mement- 
coefflclont correction 



1 - 



AC 



1 + 



2A0. 



1 + 
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Iho tunnel span load dlatrl'butlon, as veil as tho rolllng- 
moment-coof f Iclont correction, has thus "been determined. 
The explanation of the determination of the rolling- 
moment corroctlon will he given in the next eection in 
Bome detail to explain further the method of dotormlning 
the tunnel loading and to present alternate methods of de- 
termining the rclling-nomont correction that do not re- 
quire tho determination of the tunnel loading. 

P olling momont .- The correction to the rolling moment 
will he determined in two parts. The first part of the 
corroctlon is caused "by the ahscnce of the reflection vlng 
and the load increment duo t6 the reflection plana. This 
part of tho correction depends not upon the model-tunnel 
configuration hut only upon -the characteristics of the 
model ibsolf; conceq^uently , It was poseihle to calculate 
the correction incromont for several wlng-alleron comhi- 
natlons from the data of reference 5. The aileron span 
load di fltrihutions wore mochanically integrated to doter- 
mino the noment of the load on the absent wing ACj^/Oj^ 

In terms of the froe-air moment of tho total load. Hot 
onl7 tocaupe the reflection wing la nonexistent hut also 
hocauae an cq^ual load is induced on the real wing hy the 
reflocticn image: twice this ahsent-wlng moment must he 
applied as a corroctlon. The correction is presented In 

figure 9 in an easily used form, 1 + — = — ^1 a,s a function 

of tho aileron span ratio - that is. ratio of aileron spaa 
to wing Bomispnn - for ailerons extending inward from the 
wing tips. 

The second part of tho rolling-moment correction ACj 
results from tho moment ahout tho plane of symmatry of 
the houndary-induced load. The method of calculating tho 
houndary-induced load has already heen explained in con- 
nection with the dotorminatlon of the tunnel span load 
dl atrihution. If the tunnol span loading is not deter- 
mined, this second incromont may he calculated from simple 
strip theory - neglecting aerodynamic Induction, that la, 
the effects of the velocities induced hy the tralling-vortex 
system - and multiplied hy a factor A/(A + J) to account 
approximately for the effects of aerodynamic Induotion. 

The value of J depends upon the dl atrihution of 
houndary-induced upwaah angle and the model taper ratio 
hut is practically Independent of aapect ratio and only 
allghtly dependent upon the alope of the aectlon lift 
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curve. T-lgure 10 gl-iRea .aome valuaa of J as a funct.lon 
of taper ratio for three dlstrlhiitloiLB of houTLdary- Induced 
upvaeh angle. The ocrresponding upwash-augle distribution 
Is also given In figure 10 and corresponds to various 
allerou-span ratios for reflection-plane models In 7- "by 
10-foot closed wind tunnels.- 

She formula for determining the second Increment of 
the Correction Is 

b/2 I 

where \ -rrr:: — r= r Is the "boundary- Induced upwaah 

angle oorreepondlng to the free-sir load plus the reflection 
plane load Increment. The quantity ^0; therefore corre- 
sponds to this reflection-plane load and must he divided hy 
2A0i^ 

2_ ^ :. order to he hased on unit tunnel rolllng- 

^ c 

moment coefficient. 

She final corrected rolling-moment coefficient Ci 



Is 



Ac, 



1 + 



r 



*c 



or 



AO, 

1 - — ' 



2AC; 

1 + 



= ^ 3/^0, °'° ' <^°> 



'O 



2AC; 

where 1 + — E- is obtained from figure 9 and AOi may 
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te obtained either from eq.nation (19) or as follo^ra: 

■ 

vhere A jcc^A/hCOj^ + 2A0i^)J Is the increment of 

"bounaary-ixidiiced load obtained from the span-load oaloula- 
tlonc for the reflection-plane load C^^ + Z^Oi^, 

Xhe effect of streamline curvature vas not included 
in eouatlon (20) hocanee calculations for several models 
showed that the effect vas small enough to he neglected. 

Tho rolling-moment coefficient s as computed frcm 
equf.tion' (20) are of the correct magnitado hut apply to a 
ving angle of attack slightly different from the geomet- 
ri.c angle of attack corrected for the symmetrical-load 
houndary-lnduced upvash angle determined for zero rolling 
m',ment. She effectlre change in ving angle of attack re- 
sults from the e Heron houndary-lnduced upvash angle and 
the re,fl set ion-plane induced angle. She fact that the 
corrected rolllng-monenb coefficients really apply to a 
slightly different ving angle of attack Is of Importance 
only near the stall or for aileron arrangements particular- 
ly sensltlTe to angle-of-attack changes and is usually g 
neglected. She angle change is usually small, less than % 

Induced yaifine noment — The correction to the Induced 
yawing moment results from the Interaction of the soTeral 
components cf houndary-lnduoed upvash velocity and the sev- 
eral components of load as veil as from the reflection im- 
age and the ahsence of .the reflection ving. She calcula- 
tion procedure vlll he to determine separately oaoh compo- 
nent of the correction and then to sum up the various com- 
ponents as follovs: 

A0n,=(^OaJ +(AOn ) +(A0- ) +(AOa.) + (AOnJ (33) 
1 a-i la *3 I4 Is 

vhere the various components are defined in th^ symbols. 

Values of the correction due to the reflection plane 
(AGjXj^)^ vere calculated from the influence lines of ref- 
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erenco 5 for a series of aileron-span ratios for the plane 
vlng and for flap-span ratios of 0.4 and 0.7. This part 
of the yawing-Boment correction is dne solely to the* re- 
flection plane and does not depend upon the tunnel-model 
dimensions. Tae effect of flap span pro7od to "be negligi- 
"ble; so the Tallies of the correction as presented in fig- 
ure 11 in the form of cur-ves of (^Gq. ) /O^ Gx, against 

ailoron-span ratio for ailerons extending inward from the 
tips are therefore for values of the lift coefficient 
equal to the ineasurod lift coefficient. She other compo- 
nents are determined from equation (13) vhere the product 
mV is defined the sul>scrlpt8 a, s, ^, and s. (See 
SYMBOLS.) All components of boundary-induced upwash Teloc- 
ity and load have already been oaloulated in the form of 
parameters that are easily converted to the product vF. 

HingQ momenta .- Xhe Jot-houndary corrections to the 
hinge moments of latsral-oontrol devloes are usually 
small. Xhe correction due to the elliptical streamline . 
curvature load for the symmetrical loading condition has 
already hsan presented. Another small correction exists 
hecauso the load due to aileron deflection is greater in 
the wind tunnel than in free air. Although the load due 
to aileron deflection may he as much as 15 or 20 percent 
greater in the vind tunnel, the correction to the hinge 
moments is very small because the greater part of the 
boundary-induced load is of the additional type (similar 
to that produced by an angle-of-attack change), which has 
only a small load over the aileron portion sf the flng. 
Xhe correction Is calculated from the average difference 
between the span loading due to the lateral-control de- 
vice xn the wind tunnel and the loading in free air due 
to a given aileron deflection. Because the correction Is 
small, the increment of load at the aileron center section 



will usually be sufficient for the calculation. The cor- 
rection to the aileron hinge-moment coefficient Is then 
assumed to equal the oorre-ctlon to the section hinge- 
moment coefficient of the aileron center section ('or' of . 
some other typical section). 




c r 




AOii s Ach 




ccjA 




(33) 
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vhere dOjj^/SOj^ toaj te determined experimentally or from 
section data snoli as referonoe 9 for plain-flap lateral- 
control devices. Hie hinge-moment oorroctlon resulting 
from tlie aileron-load streamline curvature is usually 
small enough to be neglected. 

ZrUICBIlIGAL TALUZS 07 GOBBZOTIOVS TOB MODELS IB 
7- 37 10-TOOT GLOSXS VISD lUSNSLS 



Some numerical values of the more Important corroc- 
tions vore computed for various reflection-piano models 
mounted in 7- "hj lO-foot closed wind tunnels. Oross plots 
were made to determine the variation sf the corrections 
iifith each of the model parameters - i- and A, -for example - 
and the results are presented as graphs and empirical equa.. 
tions that may easily he used to estimate the values of the 
corrections for almost any model. She computations vere 
made hy using the load curves and the chord distributions 
of reference 5 for oonstant-percentage-ohord flaps extend- 
ing outvard from the plane of symmetry and for constant- 
percentage-chord ailerons extending Invard from the ving 
tip. The values of the corrections presented should be 
sufficiently accurate for models that deviate slightly 
from these condltlonB. The corrections are given in terms 
of the measured lift and the measured rolling-moment coef- 
ficients. 

Xhe corrections to the angle of attack, the lift, the 
drag, and the yaving-moment coefficients for symmetrical 
loading conditions are presented in figure 12 for wings 
having ^ = 0.6 and without partial- span flaps. Ilie corre- 
sponding corrections for models of any taper ratio and flap- 
span ratio may be -determined by substituting the values ob- 
tained from figure 12 in the following empirical equations: 




29 




1^1 - 0V080 ^■-O.B)j 



p.p. 



■ ' ■ 



The corractlouB to the r 
coefflclduts for aayunetrlcal 
terulned from figure 13. The 

ure ar& druvn for models havl 

Supplei&entar7 ourves on the 
correction Incromenbo that ac 
spans and othor taper ratloB. 
obtained "by adding tho addltl 
rectlons obtained from the pr 



oiling- and the yawlng-moment 
loading conditions may be de* 
principal ouryea of this fig* 

ng -7 = 7 foot and X = 0.50, 

ame figure give additional 
count for tho effect of ether 

Tho total correctlcna are 
oual increments to the cor-' 
Incipal curves, as follows: 



AC 



3^1 



(^) .*(^) 

* p.p. * B.p. 



p.p. B.p. 



K 



The streamllne-ourvaturo. correction t.o the hinge- 
moment coefficients of plain or- balanced (overhang type of 
balance) flaps and allercns were computed. ICh'p balance 
chord is assumed .to be a constant percentage' of the flap 
or aileron chord, and the flaps and ailerons are also of 
constant-percentage types. Tigure 14 glVes values of the 



parameter ^Oyji' 



aileron-span ratios and various taper ratios. 
T is taken from figure 8. 



for various flap- and 

Ihe factor 
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It should "bs remem'bered that the Btreamllne-curTature 
correction to the hinge moments Is a function of the cuhe 
of the chord and oomparatlvely minor Tarlatlona in plan 
form, such as tip shape, thus may change the correction "bj 
10 or 15 percent for a given wing span and a given aspect 
ratio.' ^he value of the correction that Is determined for 
a wing with linear taper In tho following lllustrai:lve ex- 
ample Indicates the poselhle change In the hinge-moment 
correction with plan-form details. The correctloD Is usu- 
ally fairly small, however, so changes of 10 to 15 percent 
In Its magnitude are not too critical. 

She correction to the aileron hinge-moment coeffi- 
cient caused hy asymmetrical loading may he expressed 
roughly as 

■''a ^°h 



where the value of ■^-^ (a In degrees) Is determined ei- 

doc 

perlmeutally (or estimated) for a given model. This cor- 
rection Is very small for models having ordinary propor- 
tions . 

ILLUSTBATITB EXAMPLE 



The method of computing the Jet-houndary corrections 
for a reflection-plane model will he Illustrated In detail 
hy an example. She method applies to any rectangular tun- 
nel hut, hecauso the computations of the houndary-lnduoed 
upwash velocities (figs. 4 and 5) have heen performed only 
for a 7- hy 10-foot closed tunnel, the example Is for a 
model In a tunnel of these dimensions. 

In practice, however, the principal corrections for 
models In 7- hy 10-foot tunnels can ho more easily oh- 
talned from the graphs and empirical equations Just pre- 
sented. In practice, also. It will seldom he worth while 
to compute all the corrections, such as those to the span 
load dlstrlhutlon; however, for completeness, all the cor- 
rections will he computed In the example. It might he 
noted that It Is often convenient to use a single average 
correction for wing-flap comhlnatlons rather than to hreak 
the correction Into two parts. Xhe accuracy required for 
the corrections will dotormlne the numher of these simpli- 
fications that may he used. 
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The conBtantB for tbe aBBume'O. model (fig. 1"5) that are 
roqulrad for the computatlonB are as follovs: 



Aspect ratio, A ' 6 

Saper ratio* ^ ' 0,5 

Semlspan, h/ £, feet 7.0 

Vlng area, S, sa.uare feet 33.67 

Tlap area, S^, square feet 1«94 

Tlap- span ratio. 0.5 

Tlap-chord ratio, e^/c 0.3 

Tlap mean chord, 'cf, foot 0.55 

Aileron area, S. i square feet 1.19 

y 

Location, Inljoard aileron tip, tt:: 0.50 

Location, outhoard aileron tip, ^ 0.97 

"b/S 

Aileron-chord ratio, o^/o 0.3 

Aileron mean chord, 'c^^i foot 0.40 



She wing has rounded tips and Is equipped vlth plnin, unhal- 
anced, sealed, constant-percentage^ohord flaps and ailerons. 
She modol Is mounted on the center line of a 7- "by 10-foot 
wind tunnel . 

Because the influence lines of reference 5 are used In 
the calculations, the slope of the section lift curTes used 
for reference 5 will he used in this example. The value of 
tho slope of the section lift ourvo is 5.6? per radian 

and of the slope of the finite-span lift curve a^ la 4.3d 
per radian. 

Symmetrical Loading Conditions 

Computations for the symmetrical loading conditions 
may he made In the following stepsi 

1. Talues of (w/r)y for the horseshoe vortex repre- 
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eeutlng the wing are o'btaln.ed from table II "by aBBumlng an 
■effeotl-vo vortox Bemlspan 7,^ of 6.0 feet. The rocomicend- 
ed value of would "be 0.88 "b/g, or 6.16 feet, "but the 

nearest -^-foot value la selected In order tc use the numer- 
ical values of the upwaeh velocities from the table with- 
out Interpolation. Xhe upwash angle at each station for 
unit lift coefficient 1b obtained from eq.uatlon (l) where 

/ooiA\ 'b/2 
the single load Increment t [ , * j Is eaual to -tr- 

VbOL * 71 

and therefore ^ 

" (r)_ L X 6 X eJ" ^-^^"^ (jp) 

She upwash angle Is plotted In figure 16. 

2. Ve-luoB of (v/r)f for the horseshoe vortex repre- 
senting the flaps are obtained from table II for a value of 
0^ 4.5 faet, which corresponds approximately to the 

recoS'ijended ratio b^ /bf = 1/29. Xhe upwash angle is 

8 



\yGj,Jf \r/y L4 X 4.5 X eJ 



1.816 

and the numerical values are plotted In figure 16. 

5. The free-air span loading of this wing, as obtained 
from reference 6, is plotted in figure 17. The increment of 
load due to the Jet boundaries is calculated from the upwash- 
angle values determined in step 1 and the influence lines 
of reference 5 and Is plotted in figure 18. The area under 
the curve of figure 18 is 0.583, which corresponds to a 
(^Cl/Cl)^ of 0.583/7 or 0.0833. The increments of jct- 

boundary-lnduced load are multiplied by l/(l-0.0833) or 
1.091 and are added to the free-air load and plotted in 
figure 17.' The tunnel loading corresponding to unit lift 
Coefficient is obtained by maltlplylng the ordinates of 

the total-load curve by the area ratio "^-^ . 

7.0 + 0.583 X 1.091 

A comparison of the final tunnel load curve with the free- 
air load curve and the span-load data of reference 6 shows 
that the tunnel loading corresponds to a taper ratio of 
about 0.46. 
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""4'. ~ Che nsams procedure appl-led to the epan-load curve 
for the flaps, as ohtalned from reference 6, la llluatrated 
In figures IB and 19. 



5. The valu 



required to compute the 



correctlona due to atreamllne curvature are taken from 
tahle I. She aummatlon product 



S) 



dx J 



for the wing correaponda to a one-atep approximation to the 
load curve aa shown In figure 20. The value of 

/c c 1 A. \ 

A \^^^g|[~ J ^1 " ^ 1'167. She reaulta of the cal- 



culatloa of the dealred product 



= c« 



dx 



are given In figure 21. 



2A 

6. The produat — 



(^) 



for the flap la 



found similarly. The two-step approximation to the load 
curve la shown in figure SO amd the numerical values of the 
final product are given In figure 21. 

7a. The correction to tho angle of attack due to the 
effect of the Jet houndarles on the wing alone Is the sum 
of the corrections o'btalned from equations (3) and (s). 
The value of (AOl/Ol)^ In equation (3) Is 0.0833 as found 

In step 3. Thus, from equation (3), 



0.0833 X 57.3 ^ 
°L, 



1.090 Ci, 



The factor 0.50 - — of equation (5) may he assumed to 
he equal to 0.25 for the wing alone and 
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l)/2 



dx 



o^dy = 0.248 



from a mechanical Integration of the ourre In figure 21. 
(She moment of the area ahout the plane of symmetry 1b 
found ab this time to he 0.580 and vlll he used In sbep 
14.) Thus 



67.3 X 0.25 Ci,.^ 
'^"..e.^ 14 ' °- 



248 B 0.264 Gj, 



7h. !I7h9 alternate nethod of ohtalnlng the angle~of- 
.attack correcticn la given in equation (4). Tlgure 23 

gives values of ^y^^ ° wing. The. area under the 

curve is oq.ual to 0.S07, vhlch gives a correction equal to 



S7.3 OLy X 2 X 0.307 



32.57 



B 1.078 Cj, 



The value of (A 
as found In step 7a. 



a 



s .e . 



) will, of coursei he the s 



ame 



8, The total angle-of-attack correction due to the 
vlng alone Is, from step 7a, 

Aa^ = 1.090 Ct + 0.254 Oi = 1.344 Ol 



or, from step 7h, 

Aa^ = 1.078 Ol^ + 0.254 Ci^ = 1.332 Ol^ 

9. The correction to the angle of attack due to the 
flap loading Is found, from equation (3), to be 

Attf = 1.200 Cj,^ 

or, from eq.uatlon (4), 

Aaf = 1.190 Cljj 

The effect of streamline curvature Is not considered hecauee 

the factor 0.50 * ^ « ^ 0 for the flapped vlng. 

o 

10. The total oorreotton to the angle of attack Is 



35 



the sum of the wins flaj?' c«rreatloii<, from equation* 
(3) and (5). 

-^totaa - + Aaj - 1.34 0^^ * 1.30 Oi,^ 

or, fr.on equat-lons (4) and (6) 

^total Oj,^ + °Lf 

11. She oorreotlon to the lift of the wing le given 
In equation (t) as 

4,38 

^'^^^B.o.\ - -0.264 Oj.^^ ..^0.0194 Oi^ 

13. Vhe oorreotlon to the lift of the flap le eoa- 
puted from equation (6) ae 

4.38 Ol* / V 

13. She total lift correction le 

(AOl. - ) » -0.0194 Oi-, - 0.0309 Oi^. . 

total 

14. The momente of aroa determined In steps 7 and 13 
vlll "be used in the determination of the apanwlse center of 
presBure of the lift eor£eotion load fjron equation (9), 
which gives a valae of y. . ^ 3.36 feet for the wing 

correction and 7b. e. ** '3*13 feet for the flap correction. 
These valuea are required for the computation of the cor- 
rootlon to the pit ohlng-momont coefflplent. 

16. She correction to the Bie4sur..ed pitching moment 
due to the wing alone Is obtained from equation (8) where 
the chord c at the lateral center of preesure determined' 
in step 14 Is 3.64 feet. Because the Jpltchlng^moment coef- 
ficients for this model are given about* the O.S&e line and 
in terms of the mean chordi b 3.64/4 and "oy " S/h 

a 3,333, The correction as oht^iined f.r.om equation (8) is ' 

6,6? 0 J, 

^^°-s.c.>, - ^ a.333: X 4 ; !l4 
- 0.0071 Oi 
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16. . TJie oorreetlou to .the. flap pitching jnonent le 
found hy the eame method to "be 

17. She total pltchlng-moment-ooeff lolent oorreotlon 



iB 



^Om- « » 0.0071 Ol„ + 0.0077 Ol^ 



18. She Induoed-drag-ooef f Iclent correction 1b deter- 
mined from equatione (11) and (12) and the integrals of the 
▼ariouB product B of 'boundary-induced upvash and load param- 
eter b are olitalned ia etepB 1 to 4 and are plotted in fig- 
ure 23. ThUB, 

[o.l32 Ci^' +0.169 Oif^ + (0,145 +0.144) OL^Olifj 
*» 0.0189 OLy' +0,0241 Ci,^* + o:0413 Ol,,Ci,j 

19. The induoed-yavlng-moment-coeff lolent eorrectioni 
ohtained from equatione (12) and (13) and the moment inte- 
grals of figure 23, is 

AOn^s-. (14)" [^0.340 0Ly*+0.306 OLf?+( 0. 286+0,330)' OL^OLf J 
=-0.0017 Ol^*-0.0016 Glj*-0.0031 Cl^Cl^ 

20. She correction to the flap and aileron -hinge- 
moment coeffiolentB due to streamline curvature is given 

in equation (17). She value of IP from figure 8 is 0.036. 
Mechanical integration of the curves of figure 24 gives 
for the corrections to the flap hinge-moment coefficient 

A„ 5.67 X 14 X 0,036 „ ^ X « \ 

AOv- = : p- (0.502 Ot,„ +.0.602 Oj,^) 

8tt X 6 X 1.94 X 0,55 * ^ 

or 

a 0.0089 CLy + 0.0107 Ci,^ 



She value of the eojrreetion dQtermlned from figure 14 is 
somewhat smaller (^^hf 0.0083,C{,), . hoQause the chords 
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near the "root BeotiooB are smaller for the wings of refer, 
ence 5 than for wings with linear taper. The oorreotion 
to the aileron hinge-noment coeffioient le 



ACha 



5.67 X 14 X 0.036 .^g^ ^ ^ q^^IS 0 ) 

8tt X 6 X 1.19 X 0.40 * 

■ 

ACjij^ a 0.0051 Ol,, + 0i'0046 ^Lf 

Ae^mmetrlcal Loading Conditions 

21. Xhe free-air epftn lor.d di striliuti on due to the 
deflection of one aileron is obtained from reference 5 
in terms of coi/Cga and is plotted in figure 25(a). She 
loading In terms of the pRraraater cciA/hCjjj ie oTatalned 

by 80 adjusting the crdi-i. tee of the curve of figure 25(a) 
that the momant of area about the "olane of aymaetry is 
equal to 4.0 ("b/a)*. The conve-slon may be made graphi- ■ 
oally or by means of ecinatioa (18) where Cg-*/b = 1.37 
from figure 6 and, from figure 16 of reference 5, the value 
of G^g/k is the difference between the values at 

= 0.97 and at —V- = C.d, that is, 
b/2 b/2 



and 



Therefore 



Oig/fc s 0.73 - G.25 = 0.48 
Cj^/a » 0.5 Cji^/k = 0.24 



oOfft- ^ 1.37 cot ^ g cci 
bCip 0.24 Cga ~ * c^a. 

The new curve of free-air load 1b plotted in figure 25(b). 
The reflection load Is added to the froe-alr load to give 
the reflection-loading curve of figure 25(b). The Jet- 
boundary-induced upwash angle Is obtained from aquation 
(2) for the three-step approximation to the load curve (as 
indicated in fig* 25(b)). Hhe numerical values of 

{^TiTCi — + 2Ac ' t yj plotted in figure 26. The corre- 



sponding increment of load at each spanwise atatlon is ob- 
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talned from the influence lines of reference '5 and la pre- 
sented in figure S7 . I'he Increment presented in figure 
27 uust he dlTlded "by 

Ac, 

1 



1 + 



°lc 

where AC; le o'bfcalned froio eq.-aation (21) and the moment 
of the curve of figure 37 as 

AO, a = 0.0547 

^ (14)^ 

2ACi 

and 1 ■•■ ~Q — ^ ^-s 6C|.ual to 1.084 from figure 9. The cor- 
* c 

reoted increment a are added ^, o tha reflection-load curves 
of figure 25('b) to give the tunnel-load curve (fig. 25(c)) 
at the same aileron angle as the curve for the free-air 
load. The ordinatos are again adjusted to give a moment 
of 4.0 ('b/2)°i which corresponds to unit r olling-noment 
coefficient. The resultiog corrected tunnel-load curve 
is presented in figure 2P(c). 

22a. The corrected rolling-moment coefficient is oh- 
tained from equation (20) whore 

1 + ^ = 1.084 
°*c 



and I from step SI, 



AOj = 0.0547 



0.0547"] 



„ °' - r 7oT4-J 

22^. The alternate method of determining the correct-, 
ed rolling-moment coefficient is to use equation (19) to 

calculate AO;. The product — ; — r- c is -olot- 

LTv'C, + 2ACi )J 
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ted In flgare 28 and the area moment la found mechan- 
ical Integration to bo 5.848. Tlgure 10 gives J » 1.93. 
Ihoref ore , 

S ACi = (6)° X 5.67 ^ 5.848 = 0.0547 



(14)' X (6 + 1.93) 

vhi'oh is the same, in this case, as the value calculated 
In step 31. She agreement usually vlll he close hut not 
neoeesarlly exact. 

23. Xho oorroction to the> yavlng-mompnt coefficient 
due to aileron deflection Is ohtained from equation (22). 
Tor this model the value Of (^Cnj,)^^ ^o the ahsent 

wing, is found fro.n figure 11 to he -0.0104 Oj^Ox,. Step 

22a gave = 0.87P Cj. Thus: (flOn^ ) s -0.0090 OiOi. 

c * 1 

By considering the ailoron-vlng comhinatlon and using 
(w/TOl)^ from flgare 16.. \ ^ ^ J fro'm figure 

26, tunnel ( ocjA/IjCl )^ from figure 17, and tunnel 
cciA/hCi from figure 35(c), equat.lcn (15) gives 

h/2 



and 



■ „ „ h/2 



The aileron-flap eomhinatlons are determined similarly. 

!Ih3 products of the various upvash and loading parame- 
tors are plotted in. figure 29 and mechanical moment inte- 
grations give 
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3 



When It 1b known thet 1) = 14 feet and 1 + — - - 1.084 

tlie total correction to the yai'lng-moment coefficient as 
ohtalned from equation (22) Is 



AO 



= -0.009 OlOj - 0.02C Cl^Oj - 0.021 Cl^Oj 



25. The second coupbneut of the aileron hlnge-mbment 
correction is ohtalned approximately fi'om equation (23), 
with the use of figures 37 and 2o('b). Ihe total increment 
of load at tho alloron center secticn is 

A 1 _ + A (-T-^ ) = 0.45 + 0.25 = 0.70 

From roferonco 9 

.1^ = -0.965 Cf/c 
Thereforoi tho correction is 

^Oh " - -r^r-^i-T: (-0.255) (0.2) (0.70) = 0.04 Oj 

2.0 X 6.0 



Tho mothod for determining tho Jet-houndary corrections 
for TBf lection-plano models in rectangular wind tunnels was 
presentod in some detail in order to make the method as 
routine as possihlo. The method includes the determination 
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of the tunnel span load dletrl'butlon and the derivation of 
equations glTlng the corrections to the angle of attack- 
the lift and drag ooefflolentB. and the pitching-, roll- 
ing-, yavlng- , and hlnge-moinent coefficients. The princi- 
pal effects of aerodynamic Induction and the curvature of 
the streamlines have "been considered. 

Numerical values- of the mere Important corrections 
vere calculated for a series of representative models mount- 
ed In 7- hy 10-foot closed rectangular vlnd tunnels. In 
order to simplify the calculation of corrections for models 
of unusual size in 7- "hj 10-foot closed wind tunnels, ta- 
"bles of the numerical values of the Jet-boundary-induced 
upvash vere presented. 



Langley I-Iemorial Aeronautical Laboratory, 

National Advisory Cojnmlttee for Aeronautics, 
Langley Held, "Va. 
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TABLE I 

BOUNDAHY INDUCED UPVASH VSLOCISYBBHIUD LiyilNS LIKE 

S DUE TO SINGLB UKII OOUUTERCLOCKWISE VOETBX ON 

^ IfUKWEJ, OSNTBR IINB AITD AT TWO DISTANCES FEOM 

RIPLECTION PLANE IN 7r» BY lO-TOOT 
CLOSED REOTANaULAH WIND TUNNELS 



\ 


0 


0.5 


1.5 


3.0 


6.0 


9.0 


a® 


ax 

at x»0 


= 3 




0 
2 
4 
6 
8 


0 .013 25 
.01096 
.00588 
.00146 

« .00037 


0.01533 
.01277 
.00700 
.00194 

- .00018 


0.01935 
.01616 
.00906 
.00281 
.00024 


0 . 02397 
.02003 
.01146 


0.02805 
.02361 
.013 63 


0.02861 
.02394 
.01380 


0.00412 
. 00362 
.00222 
. 00096 
. 00036 
















= 6 




0 
2 
4 
6 
8 


0.01706 
.01605 
.01286 
.00827 
.00551 


0.01997 
.01880 
.01521 
.00994 

, 00666 


0.02541 
.0S401' 
.01957 
.01296 

.00882 


0.03193 
.03018 
.02565 


0.03787 
,03613 
.029 23 


0.03821 
.03618 
.02962 


0.00588 
.00550 
.00472 
.00334 
,00230 
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ttBLE XI 



BOUNDARY- IHDtrCED UfWASH VELOCITY AT THE LIFTINO LINE DUE TO A SINOLE UHIT OOUNTERCUCKWISE VORTKX AT VARIOUS 



DISTAHCfis' yi PROM THE REPtECTION PLANE* IN- 7- BY 10-FOOT CLOSED RECTANGULAR VIIND TUNNELS 



NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 
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Vortex on tynnal center line 



0 

1.0 

1.5 



2.0 
2.5 
5.0 

t'.O 

k.5 
5.0 

5-5 

6.0 

6.5 
7.0 

u 

8.5 
9.0 
9.5 

10.0 



0.00267 
.00262 

.002l;9 
.00229 
.00202 
.00173 
.00114 
.00111 

.ooo81^ 
.00061 
.00038 

.00013 

.00006 

-.OOOOi; 

-.000 Ik 
-.00018 

-.00021 
-.00022 
-.00013 
-.00013 
-.00006 



.00525 
.005 it 
.OOli.90 
.00l;52 
.OOli.02 
.003a 
.00285 
.00226 
.00172 
.00122 
.00079 
.OOOlA 
.OOOlli 
.00008 
.00022 
.00035 
.OOOW 
.00059 
.00035 
.00021; 
.00011 



.00761(. 
.00751 
.007x6 
.00665 
.OO59II. 
.00513 

.0031+5 

.00261. 

.00190 

.00128 

.00075 
.00030 
.000014. 
.00029 
.00014. 
.00055 
.00053 
.00045 
.00033 

.00010 



.00980 
.00966 
•00924 
.00858 

.00774 
.00678 

iooEi^ 

.00363 
.00270 
.00186 
.00114 
.00057 
.OQ009 
.00026 
.00047 
.00057 
.00059 
.00051 
.00051 
.00004 



0.01167 

.01108 
.01055 
■ .00942 

. .008.55 
^00716 

.00592 
.00472 

. .0035? 

.00256 
.00168 
.00095 
.00035 
-.00009 
-.00039 
-.00053 
-.00055 
-.00045 

-.00022 

.00018 



.01525 

.01310 
.01264 
.01192 
.01096 
.00980 

.00853 
.00722 
.00588 
.00458 
.00541 
.00255 
.ooi46 
.00075 

.000^2 

.00015 
.00057 
.00059 
.00026 
.00004 
.00051 



.01452 
.01437 
.01594 
.:oi325 
.01250 
.01L14 
.00986 

.00849 

.00708 
.00570 
.00457 

.00319 
.00217 

.00153 
.OOOOT 

.00024 

.00001 

.00008 

.00010 

..00047 
.00105 



0.0154a 

.01556 
. .oi49fi 
■ .01452 

.01343 

.01256 

.01110 
.00972 

■ .00831 
.00687. 
.00540 
.00419 
.00306 

.002li 

•.00135 
.00085 
.00055 
.00048 

.00065 
.00111 

,00188 



.01620 
.01609 

.015.74 

iOlSlI 

.01458 
.01559 

.01222 
.01092 
.00951 
.OO8O9. 
.0066,9 
.OOS35 
.00415 
.'00308 
.00225 
.00164 
.00152 
.00126 

.00149 

.0G204 
• 00298 



.01670 
.01658 
.01627 
.01580 
.01512 
.01424 
.01321 
.01201 
.01070 
.00953 
.00796 
.00663 
.00537 
.00427 
.00557 
.00274 

.00237 
.00255 
.00267- 
.00558 
.0045? 



.01698 
.01690 
.01664 
.01625 
,01566 
.01494 
.01403 
.01299 
.01183 
:.01057 
.00927 
.00798 
.00677 
.00566 
.00476 

.oo4io 
.00375 
.00578 

,00422 
.00514 
.00661 



0.01706 
.01702 
.01684 
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Figure i.' Three-dimensional arrangement of the doubly 

infinite image pattern satisfying the boundary condi floras 
for a reflection - plane model of a ivfng on the center 
line o-f a c/osed rectangular wind tunnels 
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Figure 8. - Two - dfmensionat arrangement of the infinite image pattern 
satisfying the boundary conditions for o single trailing vortex 
ond Its ref/ection located above the center line of a 
closed rectangular ly/nd tunnel. 
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Figure 3.- Boundary-Induced upwash velocity behind the lifting line for reflection- 
plane models mounted In 7- by 10- foot closed rectangular wind tunnels, 
d K 0. 
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Figure 4.- Boiindary-lnduced upwash velocity at the lifting line due to a single 

counterclockulse trailing vortex located at various distances , from 
the reflection plane in 7-by 10-foot closed rectangular wind tunnels. 
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Figure 5.- Boundary-induced upwash angle along the span of a reflection-pleme model in a 
7-by 10-foot closed rectangular wind tunnel, b/2 s 7 feet; A « 6; X <= O.S. 
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figure P.- Values of CsA/I) to be used in converting the load 

parameter 001/030. of reference 5 to the load 
parameter cciA/'ba., 
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Figure 7.- Span load distributions for an elliptical wing In free air and In a cloaed olroular 
tunnel. Wing span is 0.9 times the tunnel diameter. 
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rigura 8.- Variation of the hinge-aoment correction factor for elliptical load 
F with the flap-or aileron-chord ratio o*/c or o./c and the 
balance-chord ratio Cb/cf or 0^/0^^ • 
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Figure 10.- Values of the aerodjnamic-iniuction factor J used to 

calculate the rolling-mon.ent correction for asymmetrically 
loaded lef lectioxi-plane models for tlires different variations of 
"bouadary-induced upwasii angle. These upwash-an^le variations correspond 
closely to those for ail e'r on- span ratios of 0.4, 0.7, and 1.0 for - 
models in 7-Dy 10-foot closed rectangular wind tunnels. 
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Fig. 12a, b 
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Figure 12 (a to d).- Charts for ietermining the corrections to the angle of attack, 

the lift, drag, and yawing-moment coefficients of syometrically 
loaded ref leotioa-plane models mounted in 7-by 10-foot closed rectangular wind 
tunnels . 
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Fig. 12c, d 
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Figure 12.- (Concluded) 
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Figure 14. 



Charts for determining the corrections, due to streamline curvature, to 
»,n„r,+»^ ^r. -/tf. ? aileron hinge-moment coefficients of reflection-plane models 
mounted in 7-by 10-foot closed rectangular wind tunnels. 



L-458 




Pignre 15.- Plan form cf the semispan ivinfc niclel used for the illustrative 

ei-camiDle. A - X - 0.5; c-p/c - 0.2; Cg/c = 0.2. tx] 
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Pigpare 16 ^- Variation of the to-ondary- induced upv;ash angle, due to the Tiring and due 
to the flap, along the semispan of tne model used for the illustrative 
exaniple. "=51 . 
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Figure 17.- Free-air and timnel span load iistrio-'j.tlons for the V7ing used for the illustrative 



example. 
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Figure 18.- Variation of the "boiindarj^-indncel increment of load, due to the wing and due to 
the flap, along th.e semispan of the model used for the illustrative example. ; 
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ITigure 19.- ?ree-air and trumel span load distributions for the flap of the model -ased for 
the illustrative ercaiaple. 
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figure 20a, b.- One-step approximation to tiie wing load curve and two-step approximation to 
the flap load curve used for computation of corrections due to streamline 

curvature for the illustrative esaffiole. 
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Figure 20.- (Concliaded) 
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nguxe 21.- Variatiorr of [&(w/yGl)/5x]^c2 and, 2il/b [d (^v/vCL)/cjx]fc2 along tlie semispan of 

the model used for the illustrative example. 
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Figure 22.- Variation of (w/vCjJc along the semispan of ths mqdol used for tlio illustratlTo 
osaxiplo. 
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• Figure 23-.- Variation of the parameters used to compute tlie induced-drag and yawing-moment 

corrections, for symmetrical loading, along the semispan of the model used for the 
illustrative esantple." 
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Figure 24— Variation of 2/l/b[d(w/vGL)/&x]^.c3 and. ?Alh[^iv/lCi)/bi^fC^ along the semispan oi 
the model used for the illustrative example. 
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Figure 25.- Development of the tunnel span load distribution due to the deflection of the aileron of the ? 
model used for the illustrative example. 
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Fieure 25.- (Concluded) 
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FiCTire 26. 
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Yariation of ths "boiuidary-ini-aGel iipv/aali angle, due to aileron deflection 
along tile serai span of the ifiodel iised for the ill-astrative exainple. 
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Pigiire 38.- Variation cf \ylY{C^^f2AC\^)]' c along tlie semi span of the model used 
the illustrative ej^inple. 
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figrars '29.- Variation of the paranet^rs usied to determine the inducad-ya\7ing-inoinent correction dne 
to aileron deflection along the semi span of tlie model used for the illustrative esajriple. 
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